Recombinant human soluble thrombomodulin in sepsis-induced disseminated intravascular coagulation: a multicenter propensity score analysis
Abstract Purpose: Evidence of efficacy and safety of, and especially mortality related to, recombinant human thrombomodulin (rhTM) treatment for sepsis-induced disseminated intravascular coagulation (DIC) is limited. We hypothesized that patients with sepsis-induced DIC receiving treatment with rhTM would have improved mortality compared with those with similar acuity who did not. Methods: This retrospective cohort study conducted in three tertiary referral hospitals in Japan between January 2006 and June 2011 included all patients with sepsisinduced DIC who required ventilator management. Primary endpoint was in-hospital mortality, with duration of intensive care unit treatment, changes in DIC scores and rate of bleeding complications as secondary endpoints. Regression technique was used to develop a propensity model adjusted for baseline imbalances between groups. Results: Eligible were 162 patients with sepsis-induced DIC; 68 patients received rhTM and 94 did not. Patients receiving rhTM had higher severity of illness according to baseline characteristics. After adjusting for these imbalances by stratified propensity score analysis, treatment with rhTM was significantly associated with reduced inhospital mortality (adjusted hazard ratio, 0.45; 95 % confidential interval, 0.26-0.77; p = 0.013). An association between rhTM treatment and higher numbers of intensive care unit-free days, ventilator-free days, and vasopressor-free days were observed. DIC scores were significantly decreased in the rhTM group compared with the control group in the early period after rhTM treatment, whereas the incidence of bleedingrelated adverse events did not differ between the two groups. Conclusions: Therapy with rhTM may be associated with reduced in-hospital mortality in adult mechanically ventilated patients with sepsis-induced DIC.
Introduction
Sepsis-induced disseminated intravascular coagulation (DIC) is a life-threatening disease characterized by the systemic activation of blood coagulation that generates intravascular fibrin leading to multiple organ dysfunction syndrome or even death [1, 2] . A large gap in appraisal of anticoagulant therapies for sepsis-induced DIC is observed around the world, and therapy other than supportive care may not be warranted for treating DIC. Although guidelines for the diagnosis and treatment of DIC in Britain [3] , Japan [4] , and Italy [5] have recently been published, there are some distinct discrepancies regarding levels of recommendation of various anticoagulant therapies among these guidelines. The novel biological agent recombinant human soluble thrombomodulin (rhTM) was approved and is being used clinically for treatment of DIC in Japan, whereas this agent is currently being evaluated in other countries. Currently, the efficacy of rhTM in sepsis-induced DIC remains a matter of dispute because of limited evidence that it improves clinical outcomes.
Several animal studies have demonstrated a reduction in mortality with the administration of rhTM in a severe sepsis model [6, 7] , whereas clinical studies have been limited. In a phase III randomized controlled trial in Japan, significant improvement in the rate of DIC resolution in the rhTM group was shown in comparison with the heparin group, but the effects of rhTM on mortality were not clarified due to the insufficient number of patients with sepsis-induced DIC [8, 9] . In a previous single-center before-and-after study, we demonstrated that rhTM administration could attenuate organ dysfunctions, especially respiratory dysfunction, in patients with sepsis-induced DIC [10, 11] . The effects of rhTM on mortality, however, have not been thoroughly evaluated. Therefore, the main objective of the present study was to analyze the effect of rhTM treatment for sepsis-induced DIC on in-hospital mortality in a retrospective multicenter study.
Methods

Study population
This investigation was a retrospective cohort study of patients admitted to the medical-surgical intensive care units (ICUs) in three tertiary referral hospitals in Japan between January 2006 and June 2011. Patients were assigned to one of two groups, those receiving rhTM (rhTM group) and those not receiving rhTM (control group). Inclusion criteria were: a known or suspected infection on the basis of clinical data at study entry, two or more signs of systemic inflammation with at least the presence of sepsis-induced organ dysfunction, hematologic dysfunction (platelet count of \80,000/mm 3 ), and the necessity of mechanical ventilation to stabilize the patient's general condition. All patients fulfilled the criteria of the Japanese Association for Acute Medicine (JAAM) DIC scoring system [12] . Exclusion criteria were as follows: fatal or life-threatening bleeding (intracranial, gastrointestinal, or pulmonary bleeding); history of cerebrovascular disorder (cerebral bleeding, cerebral infarction) within 1 year; age B15 years; history of hypersensitivity to protein preparations or unfractionated heparin; pregnancy or breast-feeding; and fulminant hepatitis, decompensated liver cirrhosis, or other serious liver disorder.
All patients were principally treated according to the strategy of the Surviving Sepsis Campaign Guidelines [13, 14] . We did not administer recombinant human activated protein C (rhAPC) in either group because the use of rhAPC has not been approved for the treatment of severe sepsis in Japan. In our retrospective study, there was no predefined protocol regarding the definite indications for rhTM treatment. For patients with severe sepsis fulfilling the criteria of DIC, rhTM was used at the discretion of the attending physician. In the rhTM group, rhTM was principally administered intravenously at the dose of 0.06 mg/kg per day, and the infusion was continued for 6 days. Administration of antithrombin concentrate or heparin was not routinely performed, but in the few cases in which either agent was administered, it was done so at the discretion of the attending physician based on individual patient condition.
This study followed the principles of the Declaration of Helsinki, and the conduction of this study was approved by the institutional review board at Osaka General Medical Center. The board waived the need for informed consent for a retrospective study such as this study.
Data collection
Baseline characteristics including demographic information and information on preexisting conditions, organ function/failure, infection, and pertinent medications were collected. The variables considered to assess comparability among the two groups were age, sex, Acute Physiology and Chronic Health Evaluation (APACHE) II score, Sequential Organ Failure Assessment (SOFA) score, number of dysfunctional organs, site of infection, and rate of positive blood culture.
The primary outcome measure was in-hospital mortality. We also evaluated 28-, 60-, and 90-day and ICU mortality from all causes. ICU-specific outcomes included length of ICU stay, number of days on mechanical ventilation, and number of days spent on vasopressors, each evaluated respectively as number of ICU-free days, number of vasopressor-free days, and number of ventilator-free days. For example, we evaluated ventilator-free days as the number of days to day 28 that the patient achieved unassisted breathing, assuming that the patient survived to 28 days and did not require assisted breathing. Patients who did not survive to 28 days were assigned zero ventilator-free days. ICU-free and vasopressor-free days were evaluated in a similar manner.
Both the JAAM and the International Society of Thrombosis and Hemostasis (ISTH) DIC scores were recorded on the day the patient met the inclusion criteria for baseline values and on days 3 and 7 after study entry. Scoring systems for the JAAM DIC definitions are found elsewhere [12] . The ISTH overt DIC definitions were adopted as proposed by Taylor et al. [15] for platelet counts, prothrombin time, and fibrinogen level. Fibrin/ fibrinogen degradation products values were chosen as the fibrin-related marker and scored according to the cut-off levels and ranges recently published by Gando et al. [16] .
We also recorded complications, including the occurrence of intracranial hemorrhage, gastrointestinal hemorrhage, respiratory tract hemorrhage, and minor transfusions. Minor transfusion was defined as the administration of four or more units of red blood cells within two consecutive days up to 14 days.
Statistical analysis
Due to the retrospective nature of the study, baseline imbalances between patients with and without rhTM therapy existed; therefore, an adjusted mortality analysis was performed using propensity scores [17, 18] . Baseline patient variables used as candidates in the modeling process were clinically and statistically considered as confounders that conceivably could bear on the choice to administer rhTM. The propensity score for receiving rhTM was calculated by using multivariate logistic regression and included 15 independent variables comprising age, sex, severity of illness (APACHE II score, SOFA score, number of dysfunctional organs, and positive blood culture), JAAM DIC score, respiratory dysfunction, time from severe sepsis onset to study entry (within 48 h or not), severe conditions in the past medical history (diabetes mellitus and immunosuppressive therapy), site of infection, and therapeutic interventions (heparin administration, antithrombin administration, emergency operation). The c statistic was 0.792. The Hosmer-Lemeshow chi-square value was 9.585 (df = 8), with a nonsignificant p value of 0.295, which indicates that the model is well-fitted.
Adjustment for the probability of receiving treatment was accomplished by a stratified method. This approach allowed full use of the data and also stratum-by-stratum estimates of the rhTM hazard ratio (HR). Patients were stratified into quintiles according to their propensity scores. The overall effectiveness of treatment on mortality was assessed by propensity score-stratified log-rank test. In addition, adjusted curves of time to mortality and HR with its 95 % confidence interval (CI) were estimated by a Cox regression model with the strata by propensity score. For secondary ICU-specific outcomes of ICU-free days, ventilator-free days, and vasopressor-free days, regression analyses for censored non-normal data with propensity score were performed because the data were censored and not normally distributed. For secondary outcomes of bleeding complications, propensity-adjusted CochranMantel-Haenszel analyses were performed. Odds ratio (OR) and its 95 % CI were estimated by logistic regression with the strata by propensity score.
A marginal structural model was also used to assess the robustness of the conclusions from the stratified method, and no major significant differences between the methods were found. An alternative to the propensity score techniques used in this study (stratification, regression adjustment, and weighting) is to select a sample of patients comparable in each treatment group (propensity score matching). However, we did not use propensity score matching because of several issues with this method in relation to unmatched exclusion, as discussed in Kurth et al. [19] .
Changes of coagulation parameters from baseline levels were analyzed with the use of a mixed random effects model adjusted for the baseline values as a covariate, and by post hoc Tukey test. For patients with missing data, we used the last-observation-carried-forward method of imputation [20] . Missing data occurred because of death, discharge from hospital, and samples not drawn. In addition, to assess the robustness of the results from the last-observation-carried-forward method, complete case analysis was also performed and supported the results.
Descriptive statistics are presented as the mean (95 % CI), median (interquartile range), or number (percent), as appropriate. Univariate differences between groups were assessed using the Mann-Whitney U test and chi-square test or Fisher's exact test, as appropriate. A p value of \0.05 was considered to indicate statistical significance. All statistical analyses were performed with SAS Statistical Software version 9.1.3 (SAS Institute Inc., Cary, NC, USA).
Results
Baseline characteristics
The patient flow diagram is shown in Fig. 1 . During the study period, 162 consecutive patients fulfilled the above inclusion criteria. The rhTM group comprised 68 patients, and the control group comprised 94 patients. Baseline characteristics and therapeutic interventions of the study population are shown in Table 1 . The baseline characteristic of severity of illness, as indicated by APACHE II and SOFA scores, number of dysfunctional organs, and rate of positive blood culture, was significantly higher in the rhTM group than in the control group. There were no significant differences in coagulation parameters including DIC scores, severe conditions in the past medical history, site of infection, or therapeutic interventions between the two groups. 
Effect of treatment on mortality
Main outcomes relating to mortality are presented in Table 2 , and the survival curves of the prediction model by covariates of propensity score calculated by Cox regression analysis over the 90-day study period are given for both the rhTM and control groups in Fig. 2 . In a stratified propensity score analysis, receipt of rhTM was associated with reduced in-hospital mortality (adjusted HR, 0.45; 95 % CI 0.26-0.77; p = 0.013). In addition, favorable significance in the rhTM group in comparison with the control group was also shown for mortality at 28, 60, and 90 days, and for ICU mortality (p = 0.017, p = 0.006, p = 0.003, and p = 0.018, respectively, by stratified log-rank test adjusted by propensity score).
Effect of treatment on ICU duration
An association between rhTM treatment and longer period of ICU treatment-free days was observed in analyses stratified by quintile of propensity score ( 
Effect of treatment on DIC parameters
In the rhTM group, both JAAM and ISTH DIC scores were significantly decreased compared with the control group on day 3, in the early period after rhTM administration (Fig. 3a, b) . Although there was no difference in platelet counts between the two groups on day 3, the recovery of platelet counts in the rhTM group on day 7 after rhTM treatment was greater than that in the control group, as shown in Fig. 3c .
Adverse events
Bleeding complications during the study period are presented in Table 4 . Rates of gastrointestinal bleeding (7.4 % in the rhTM group vs. 6.4 % in the control group, p = 0.598), respiratory tract bleeding (0 vs. 4.3 %, p = 0.768), and intracranial bleeding (1.5 vs. 1.1 %, p = 0.568) were similar in the treated and untreated groups. After adjustment for the strata by propensity score, the percentage of patients who received minor transfusion was also similar in the two groups (33.8 vs. 50.0 %, p = 0.108).
Discussion
The results of this study provide evidence that rhTM administration improved mortality and shortened the time on mechanical ventilation, time on vasopressors, and length of ICU stay of adult patients with sepsis-induced DIC. We also found that both JAAM and ISTH DIC scores were rapidly normalized by the rhTM treatment. We previously investigated the efficacy of rhTM in single-institution studies, and the results from this multicenter study will increase the reliability of the evidence of the efficacy of rhTM.
rhAPC has been focused on as a treatment option for DIC complicating sepsis [3, 5] because this drug was shown to improve mortality in the PROWESS (Protein C Worldwide Evaluation in Severe Sepsis) trial 10 years ago [21, 22] . However, in response to the failure of the PROWESS-SHOCK trial to demonstrate efficacy of rhAPC [23] , the drug was withdrawn from the worldwide market [24] . As a result, at this stage we have no alternative anticoagulant therapy for sepsis-induced DIC that has been proven with high-quality evidence. Administration of antithrombin concentrate is also recognized for its ability to improve DIC, but it is not used in clinical medicine due to its inability to improve mortality in patients with severe sepsis [25] . Although a recommendation level for the administration of rhTM was first described in the Italian guidelines, administration of rhTM was not recommended in DIC patients due to the lack of high-quality research to verify improvement of mortality [5] . The present study is the first report, to our knowledge, in which mortality was defined as a primary outcome associated with the effects of rhTM in patients with sepsis-induced DIC.
In this study, we also investigated the length of time spent in critical care. A significant increase in the number (12) 11 (16) 8 (9) 0.146 Malignant Disease 12 (7) 5 (7) 7 (7) 1. of ventilator-free days and vasopressor-free days was demonstrated in the rhTM group compared with the control group. Consequently, the number of ICU-free days was also increased in the rhTM group. In the pathological progress of severe sepsis, inflammatory activation in patients with severe sepsis is almost invariably related to the production of inflammatory mediators but also to the activation of coagulation. The coagulation system is a major participant in acute lung injury, and activation of coagulation is considered to be both a consequence of and contributor to ongoing lung injury. Increased thrombin results in diffuse alveolar fibrin deposition, which serves to amplify pulmonary inflammation [26] . It is clear from animal studies that rhTM prevents lipopolysaccharide-induced pulmonary injury by inhibiting pulmonary accumulation of leukocytes [27] . We previously reported that rhTM improves respiratory dysfunction in patients with severe sepsis, as supported by the decreased respiratory component of the SOFA and lung injury scores [11] , and total SOFA score in the rhTM group also rapidly decreased compared with that in the control group [10] . As a result of these early beneficial effects on organ dysfunction, rhTM may improve mortality in mechanically ventilated patients with sepsisinduced DIC. Increased risk of bleeding is the greatest concern with rhTM administration, as well as with rhAPC [28] . However, rhTM is thought to have some favorable effects on the reduction of bleeding complications in comparison with rhAPC. Because rhTM exerts its anticoagulant effect in a thrombin-dependent manner, rhTM does not activate protein C after inhibiting thrombin generation. In the present study, we showed that hemorrhagic complications, such as gastrointestinal, respiratory tract, or intracranial bleeding, were not increased by rhTM administration. In the phase III trial of rhTM in Japan, the incidence of bleeding complications was lower in the rhTM group than in the heparin group [8] , which is compatible with the observations in the present study.
Being retrospective, our study has some limitations. First, the adoption of a nonrandomized design brings its Data are expressed as number (percent). The overall effectiveness of treatment on mortality was assessed by propensity score-stratified log-rank test. Hazard ratio (HR) with its 95 % confidence interval (CI) was estimated by Cox regression model with the strata by propensity score. A propensity model for receiving recombinant human soluble thrombomodulin (rhTM) was built using multivariate logistic regression and included 15 independent baseline variables (see ''Methods'' section for details) ICU intensive care unit Data are expressed as number (percent). Rate of bleeding complications were analyzed using propensity-adjusted Cochran-Mantel-Haenszel analyses. Odds ratio (OR) and its 95 % confidence interval (CI) were estimated by logistic regression with the strata by propensity score. A propensity model for receiving recombinant human soluble thrombomodulin (rhTM) was built using multivariate logistic regression and included 15 independent baseline variables (see ''Methods'' section for details) Data are expressed as group means (95 % confidence intervals). Effects of treatment on intensive care unit (ICU) duration were analyzed using regression analyses for censored non-normal data with propensity score. A propensity model for receiving recombinant human soluble thrombomodulin (rhTM) was built using multivariate logistic regression and included 15 independent baseline variables (see ''Methods'' section for details)
share of methodological issues. Nevertheless, a careful and rigorous analysis can lead to adequate estimates. We developed a propensity score approach to cope with nonrandomization. The propensity score methods are easy to implement and force the analysts to explicitly focus on recruitment biases. Second, the relatively long time span of the study could have been associated with the introduction of therapeutic measures able to influence the outcome independently from rhTM. Third, a small number of patients were included in this study compared with the other large trial. The combination of these three limitations might cause multiple unmeasured variables to account for the outcome differences observed in this study. Also, we recognize that the design of the present study is not adequate to address the safety of the treatment. Further multicenter prospective randomized trials would be needed to thoroughly evaluate the effects and safety of rhTM on treatment of sepsis-induced DIC.
In conclusion, we found that rhTM may have a significant beneficial effect on mortality in patients with sepsis-induced DIC. In addition, time on mechanical ventilation, time on vasopressors, and length of ICU stay were shorter in the rhTM group than in the control group, whereas bleeding complications did not differ significantly between the two groups. Further clinical investigations are necessary to evaluate the effect of rhTM on the pathophysiology of sepsis-induced DIC.
